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ABSTRACT 



X-ray emission from massive stellar outflows has been detected in several cases. We present a Chandra observation of HH 168 and 
show that the soft X-ray emission from a plasma of 0.55 keV within HH 168 is dilfuse. The X-ray emission is observed on two 
different scales: Three individual, yet extended, regions are embedded within a complex of low X-ray surface brightness. Compared 
to the bow shock the emission is displaced against the outflow direction. We show that there is no significant contribution from young 
stellar objects (YSOs) and discuss several shock scenarios that can produce the observed signatures. We establish that the X-ray 
emission of HH 168 is excited by internal shocks in contrast to simple models, which expect the bow shock to be the most X-ray 
luminous. 
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' 1. Introduction 

Star formation is intimately linked to accretion and outflow phe- 
nomena. Early in the formation process, the collapsing proto- 

■ star is deeply embedded and therefore invisible, yet, powerful 
' outflows emerge from these systems. At a later stage, the accre- 
tion proceeds from a disk. For low-mass stars, the magnetically- 
funneled infall model explains many observed phenomena suc- 
cessfully, but, even in their case, the jet and wind driving mech- 

■ anism remains elusive. CuiTent theories expect mass loss to 
' be driven by magneto-centrifugal disk winds, possibly with a 
' stellar contribution. The physical mechanism, which acceler- 
ates and collimates the outflow also remains elusive. Jets have 
been observed at all stages of star formatio n over a wide mass 

, range in diffe rent wavelength regions. HH 2 jPravdo et al."200l') 
and HH 154 (iFavata et al.li2002t iBaUv et al.fl2003l: iFavata et al. 



'llOOg) were the first massive, large-scale outflows discovered 
. in X-rays. The latter object has already been observed twice, 
' so that the proper motion of its X-ray emitting regions could 
be tracked. The proper motion of 500 km s ' can explain the 
observed temperatures in terms of simple shock models of a 
thin gas ramming into the ambient medium. Examples of fur- 
ther evolved objects are the low-mass star DG Tau (Giidel et al] 
l2008bt [Schneider & SchmittI 120081: lotinther et al.ll2009h . where 
the X-ray emission from the jet is confined to the inner region 
of a few hundred AU and the intermediate mass Herbig Ae/B e 
star HD 163296 ( Swartz et al.l[2005t iGiinflier & Schmittil2009l) . 
Because of the low surface brightness of these jets and a lack 
of nearby young intermediate and high-mass stars. X-rays from 
their outflows have only been detected in very few cases. 

Most models of high-energy emission in outflowing material 
adopt some type of shock. The interface between the outflowing 
material and the ambient medium seems to be a plausible heat- 
ing source but evidence of additional X-rays produced close to 
the star is increasing. Thus, a more complex scenario might be 
required to explain the observed phenomena. Internal working 



surfaces within the outflow might be responsible for the heating, 
but they require rapidly moving components within the flow so 
that the velocity difference still provides enough energy to pro- 
duce X-rays. 

In the case of DG Tau, such a high velocity component has 
not been detected in UV, optical or IR observations. However, 
when compared to the outflow's total mass-loss this specu- 
lative high velocity component would constitute only a very 
small fraction of the total mass-l oss and energy and, there- 
fore, might have esc aped detection dSchneider & Schmittll2008l : 
IGiinflier et a"i]|2009l) . 

This paper deals with the Cep A West region, where the 
outflow HH 168 is located. The central region of the complex, 
which presumably contains th e jet driving source, will be anal - 
ysed in a forthcoming article dSchneider et alJlA&A acceptedl) . 
In the next section, we will provide a brief overview of the Cep A 
region and in the subsequent two sections the observation and 
results are presented. We then discuss the properties of the emit- 
ting plasma before we investigate possible scenarios explaining 
the observed X-ray emission. 



2. The Cepheus A high-mass star-forming region 

Cepheus A is the second nearest high -mas s star-forming region 
at a d istance of ~ 730 pc ( Johnsoail957t ICrawford & BarnesI 
Il970l see Fig. [1] for an overview). Three Herbig-Haro objects 
(HH 168, HH 169, and HH 174) are located around the center 
of Cep A, where several distinct radio s ources have been found 
(named HW l-9: lHughes & Wouterlootlll984 HW 8 and HW 9 
were detected by subsequent observations). Because of the 
strong absorption towards the center of Cep A (Ay > 15 mag) ra- 
dio observations are the most suitable for imaging this region. In 
the IR wavelength range (e.g. 12.5 jum, Cunningham et al. 200^, 
none of the radio sources has been clearly detected and the re- 
gion appears dark in Fig.[T] 



2 



P. C. Schneider et al.: The diffuse X-ray emission of HH 168 resolved 




Fig. 1. SDSS' DR7 (A bazaiian et al..,2009) i-band (7481 A) im- 
age of the Cep A region. The ellipse indicates the soft X-ray 
emission. The diffuse object south of the ellipse is a reflection 
nebul a probably excited by a source close to HW 2 or by HW 2 
itself (lHartiganetal.1119861) . 



For the HH 169 and HH 174 outflows, HW 2 is currently 
the most promising candidate for the driving source, while it 
is unclear which source drives the HH 168 outflow, the possi- 
bilities being HW 2 and HW 3c, as well as an isolated region 
of star formation locate d at the eastern end of HH 168 (e.g., 
[Cunningham et al.ll2009l) . 

The Cep A region also contains multiple molecular outflows. 
The extent of the large-scale outflows is on the arcmin scale with 
typical velocities on the order of a few 10 kms The multi- 
component appearance of the outflow geometry can be inter- 
preted in terrns of dense condensations redirecting the outflow 
(ICodella et ani2003l: iHTriart et alj|2004 and references therein), 
but multiple outflows or the evolution of a single outflow are also 
possible. The position angle of the northeast-southwest molec- 
ular outflow is consistent with the elongation of HW 2 at radio 
wavelengths . Observations of t he gas dynamics, in particular of 
the H2 gas dHiriart et al.l 12004) . show a clear velocity gradient 
within the western H2 structure (blueshifted at the eastern end 
and at approximately zero velocity at the western end). 

The prominent HH object 168 is located west of the central 
sources of Cep A. Its kinematic lifetime is on the order of sev- 
eral 1000 years. The Ha, [Sii], and [Oiii] images observed by the 
Hubble Space Telescope (HST, Hartigan et al. 2000) show that 
in the region of HH 168 no single type of shock can be respon- 
sible for the observed emission. In some of the bright regions, 
the location of H2 emission downstream of the Ha emission is 
indicative of a shock-type that heats the material in front of the 
shock slowly without dissociating the H2 molecules. 

Radio emission h as also been observed from a few re gions 
within the HH object dHughes & Moriartv-Schievenll990l) . The 
radio b rightest one is designate d HW-object (without any num- 
ber) bv lHartigan & Lada (Il985h and is located at the eastern end 
of HH 168. Four (or even five ) small emitting regio ns have been 
resolved within this object (Ro driguez et al.li2005l) . all of them 
being time-variable on timescales of years. Furthermore, they 
have large proper motions (arguing against a stellar origin) in- 
creasing from east to west from 120 km s"' to 280 km s"'. The 
motion of these objects is directed westward which is approxi- 
ma tely consistent w i th the direction of HH 168 itself. 

iRodrfguez et al.l (l2005l) proposed that the luminosity changes 
of the individual sources might be caused by holes in a stream 
flowing around condensations and exciting the radio emission. 
These authors estimated an outflow speed of about 900 km s 



which still accelerates the radio-emitting objects. The spectral 
indices of these radio emitting objects within the HW object 
differ, pointing to different production mechanisms of the ra- 
dio emission although simultaneous observations, as needed 
for time-variable sources, have not been carried out. One ob- 
ject seems to bare an ultra-compact, optically thick core, while 
another is consistent with shocked gas emission (iGaray et al.l 
1996). 

In this region. iHartigan et al.l (2000) observed nine, approxi- 
mately point-like. Ha emission comp onents, which th ey related 
to young T Tauri stars, but Cunning ham et alj (|2009|) found no 
point-like sources in their infrared images in this region, even 
though their sensitivity should be suf ficient. 

Using Ha images of HH 168, iLenze 3 (Il988h measured 
the proper motions of individual knots ranging from 100 
to 210 km s~^ (the HW-obje ct in total has a velocity of 

1 10 km s~'). lRaines et alj (12000) measured the HW object in [Fe 

111 1.644 fim and found an object moving with a space-velocity 
of ~850 km s \ while the bulk of the [Fe II] emitting material 
moves only with 400 km s '. The Ha lines of the HW object, 
as well as the nearby knot E, extend from zero to -400 km s"' 
(Hartigan et al. 198a)- 

.Cunningham et al.l (l2009l) proposed that the bright H2 emis- 
sion within HH 168 is caused by high- velocity material encoun- 
tering already decelerated material, thus forming shocks (shock 
speeds possibly reaching 400 km s"'). These authors further pro- 
pose that the HW object is produced by two colliding winds, one 
producing the HH 168 object that is driven by a source close to 
HW 3c and the outflow of HW 2 that drives the eastern HH ob- 
ject. 

In summary, there is no consensus about the nature of the 
observed objects in the literature. However, the large proper mo- 
tion of some of those objects is sufficient for the production of 
X-rays by shocks. 

The region of Cep A was observed with XMM-Newton by 
iPravdo & Tsuboil ([2005) for 44 ks. They detected very soft dif- 
fuse X-ray emission at the position of HH 168 and constrained 
the total luminosity and temperature of the region. Due to the 
limited spatial resolution, they could not identify the precise lo- 
cation of the soft X-ray source(s). The diffuse X-ray emission 
HH 168 shows a temperature of T = 5.8+23 ^ ^ absorbed 
by a column density of «// = 4 + 4x10^' cm"^. 

3. Observation and data processing 

The Cep A region was observed on 8 April 2008 for 80 ks with 
ACIS-I (ObsID: 8898). We used CIAO 4.1.2 to analyse the data, 
following closely the science threads published at the CIAO 
website 0. We used the archival data without reprocessing the 
evt2 file; therefore, the standard parameters are applied to the 
data. The analysis is restricted to events with energies between 
0.3 keV and 10.0 keV, i.e., the energy range with a reliable cali- 
bration. 

For both, detection and spectral analysis, an estimate of the 
background is needed. The background for the X-ray emission 
related to HH 168 was estimated from two regions. The smaller 
one is a nearby ellipse of approximately the size of HH 168 
{a - 30", b - 16") containing 557 events in the full energy 
range (30 photons in the 0.3 - 1.5 keV range, i.e., the range 
in which shock-induced X-rays are expected). The second re- 
gion is more than seven times larger (60" radius) and is lo- 
cated further off-axis to ensure that it is source-free, e.g., that 
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p. C. Schneider et al.: The diffuse X-ray emission of HH 168 resolved 



3 




.12.0 ■ 10.0 ■ *08.G 06.0 (T4.0 ' . 02.0 2J^6':0O.I 

^ I 1 I ^ ^ ^ I ^ J ^ ^ ^ I ^ ^ ^ I : 



Fig. 2. The region around HH 168 in soft X-rays (energies be- 
tween 0.3 keV and 1.5 keV). Single pixels show individual 

photon positions. The blue contour is the Ho- emission from 
1 1 I 

artigan et al . (2000), while the red contour shows the smoothed 
X-ray photon distribution which are multiples of four times the 
background rate. The proper motion of the HH object is directed 
toward the right. 



Table 1. Diffuse X-ray emission in HH 168 (0.3 - 1.5 keV). 



Component 


Photons 


Est. background 


Median 


Area 






photons 


energy 


arcsec- 


Ellipse 


133 


32.0 


0.95 keV 


1463 


HW object 


16 


1.3 


1.1 keV 


61 


KnotE 


30 


2.4 


0.85 keV 


108 


KnotF 


11 


1.0 


1.1 kev 


44 



no source is visible in the 2MASS images nor identified by 
any of the CIAO source-detection algorithms in that region); 
it contains 261 photons in the 0.3 keV - 1.5 keV range. Both 
background estimates agree approximately in terms of their pre- 
dicted count levels (5.7 x 10"^ cts/pixel for the large area, and 
5.0 X lO^^* cts/pixel for the smaller one, in the 0.3 - 1.5 keV en- 
ergy range). We use the average of both values to determine the 
estimated background. Their full range median energies coincide 
to within about 100 eV. 

The spectral analysis was carried using XSPEC jArnaudl 

[1996 ') assuming an absorbed optically thin plasma emission 
model (APEC Smith et al..2001,) . We adopt Icr eiTors throughout 
the paper 

4. Results 

Figure|2]shows an overview of the HH 168 region in soft X-rays. 
In soft X-rays, vtpdetect of the Chandra CIAO 4 tools finds 
an extended source in the HH 168 region. We indicate the excess 
region by the green ellipse in Fig.|2l which approximately coin- 
cides with the lowest X-ray contour (red). In this region, there is 
an excess of 101 ±13 photons over the expected background in 
the 0.3 keV - 1.5 keV range while no diffuse excess is present in 
hard X-rays (1.5 keV - 9.0 keV; see Table [1] for the number of 
detected counts and estimated background counts). 

Within HH 168, approximately between the HW object and 
knot E, a hard, point-like X-ray source containing 10 photons 



is present (J(2000)=22:56:07.8 -h62:01:51.3). It can be charac- 
terised by a median energy of 2.6 keV and no X-ray photons 
below 1.5 keV. The estimated unabsorbed X-ray luminosity is 
7.5 X 10^^ erg/s assuming a plasma temperature of 1.4 keV and 
an absorbing column density of 3.5 x 10^^ cm"^. This model 
reproduces the median energy. 

4.1. Morphology 

The soft X-ray contour (starting at four times the background 
level) overlaps with the Ha contour, but lags behind the head of 
the Ha emission (e.g., knot S) by 20". At the interface between 
the outflow and the ambient medium, only a very weak X-ray 
excess close to knot S is found. Within a circle of 5" radius 
around knot S (the only He knot showing bow-shock charac- 
teristics), we detect 5 photons, where 2 are expected from the 
background. 

No soft point-like source can be detected at a level above 
1 . Icr. At this detector position, one would expect that more than 
95% of the photons from a point-source (with the observed soft 
spectrum) are located within a circle of radius of 1.5" (in Figs.|2] 
and[3] we show these circles for comparison). The area with the 
highest photon density in that region contains six photons within 
the 1.5" radius circle and lies within the highest contour in the 
middle panel of Fig.|3] 

Three individual components with an enhanced diffuse emis- 
sion are clearly visible within the large region, and are also indi- 
cated in Fig. |2] and shown in greater detail in Fig. |3] (Table [1] 
summarizes their properties). The locati on of the eastern one 
coinci des with the HW-object found by Hughes & WouterlootI 
(11984 at cm-wavelengths, and the central one is located close 
to but offset to th e east, the br ight Ha knot E in the nomen- 
clature of Hartigan et al .l ^2000i), which shows also weak radio 
emission. The third component is located close to knot F, which 
also emits at radio wavelengths. There are further radio emis- 
sion components at the western end of HH 168 showing equally 
strong radio emission but outside the X-ray contour of Fig. |2] On 
the other hand, all three regions with enhanced X-ray emission 
have radio components in their vicinity. 

The low count density renders an estimate of the true size of 
the emission regions impossible. For the diffuse emission close 
to the HW-object and knot E, circular regions coinciding approx- 
imately with the second contour in Fig.|3](4xl0"^ cts/pixel, eight 
times the background level) were used to extract the photons of 
these two components. For knot F, we show the circle in Fig. [3] 

The knot E region has an excess of 28+6 photons (area 108 
arcsec^) and the region around the HW object has an excess 
of 15±4 photons (area 61 arcsec^). Close to knot F, the X-ray 
emission has an excess of 10 photons (area 44 arcsec^). All 
of these regions are not compatible with single point-sources 
as we would expect only 2-3 photons outside a 1.5" radius 
for the numbers at hand, in contrast to the observational result. 
However, it is possible that e.g., six of the photons in the knot E 
region are indicative of an active pre-main-sequence star. The 
emission close to knot F does not coincide with the position of 
the foreground star from which no X-ray emission is observed. 

There is diffuse emission beyond the three individual emis- 
sion components. Excluding the knots from the region defined 
by the ellipse, a clear excess of 48+10 photons is found. We 
therefore regard the contours in Fig.|2]as real, although we do 
not claim that the shape of the contours represent the precise 
geometry of the emitting volume. 
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Fig. 3. Zoom into selected regions. In the left panel, the HW-object, in the middle panel, the region around knot E, and in 
the right panel the knot F region are shown. Squares denote individual photons. The red contours are the X-ray contour s 
from Fig. |2l Ho' emission is shown as blue contours and green diamonds designate radio sources from [Rodriguez et al.l (l2005h : 
[Hughes & Moriartv-Schieveaa99Q) . 
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Energy (keV) 

Fig. 4. Spectrum of the photons within HH 168. The fitted model 
is shown in red. 



4.2. Spectral properties and energetics 

Considering the energies of the photons within these three re- 
gions, we find slight differences between the median energies 
of the photons within the HW-object (1.1 keV) and the knot E 
photons (0.9 keV). A KS-test infers a probability of only 15% 
that both samples are drawn from the same distribution. On the 
other hand it is probable (60%) that the photons around knot E 
and those of the large-scale diffuse emission are drawn from the 
same distribution. 

Ignoring for a moment this difference, we show in Fig.|4]the 
spectrum of the photons within the ellipse. The spectrum can be 
described well by an absorbed, thermal, optically thin plasma 
with kT = 0.55 + 0.1 ke V and an absorbing column density of 
riH - 3 + 1 X 10^' c m~^. These valu es are consistent with the 
XMM-Newton data of iPravdo & Tsub oi (2005). Using the con- 
version between rin and Ay from IVuong et al.l (l2003l) . we find 
that A V ~ 2. 

Using the best-fit values, the total unabsorbed energy-loss 
of the diffuse emission component in X-rays is about 1.7 x 



10^" erg s"'. Figure |5] shows the contours of several signifi- 
cance levels in the (kT, «//)-plane; this plot illustrates the de- 
pendence of the luminosity on the adapted spectral parameters. 
The energy-loss within the smaller components scales with their 
photon numbers (Lx ~ N/N,o,ai ■ Lf"' = 5 x lO^^ 3 x 10^'' and 




Fig. 5. Contours showing different confidence levels of the 
plasma parameters. The contours designate the 1 cr, 90 %, and 
99 % confidence levels. The X-ray luminosity is color coded and 
indicated by the dotted lines. 



2 X 10" erg s for knot E, the HW region, and knot F, respec- 
tively). 

The difference in the median energy of the photons can ei- 
ther be caused by a different absorbing column density or by an 
intrinsically different temperature of the plasmas. In either case, 
one needs to approximately double either T or nn to increase the 
median energy by 0.2 keV. 

An estimate of the electron density of the X-ray emitting 
plasma can be given by the volume emission measure (EM, pro- 
vided by the fit) needed to achieve the observed flux by 



EM 



'0.85 - /y 



(1) 



where V is the volume of the emitting region, / the filling factor, 
and the factor 0.85 reflects the solar ratio of electrons to H-atoms 
in an ionized plasma). The EM for the large region has a value of 
6.4 X 10^^ cm"-', while it is a few 1 x 10^^ cm"-' for the individual 
regions. Assuming spherical/ellipsoidal volumes, we find 4.2 x 
10^^ cm^ for the entire area, 1.1x10^' cm^ for the knot E region, 
and 4.6 x 10^** cm^ for the HW region leading to densities of 
He = 1.3 cm"^ for the large-scale emission and about 10 cm"-' 
for the smaller regions. 
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None of those objects exhibit significant variability in their 
light curves. However, the low number of counts is not suflicient 
to exclude minor variability (factor ~ 2) within 10 ks. 



5. Is the emission really diffuse? 

The appearance of a diffuse emission component can in princi- 
ple be mimicked by a superposition of a large number of discrete 
sources as Cep A is a young star-forming region. We therefore 
assume in this section that a great number of YSOs produce the 
soft X-rays, and highlight the problems of this scenario. We con- 
centrate on the 0.3 - 1.5 keV energy range to which the hard 
X-ray source does not contribute. 

1. For the entire region of HH 168, not even one pixel con- 
tains three photons. Assuming that the individual sources 
contribute only 5 photons each, then 20 of these sources are 
needed. Lowering the significance of the source-detection al- 
gorithm as far as possible, only 26 sources are detected with 
a mean count number of about two. Thus, a higher number of 
discrete sources (> 50) is required to explain the soft X-ray 
emission with point sources. 

2. The relatively small absorbing column density should also 
ensure that pre-main sequence stars are detectable in the IR 
and possibly also as Ha sources. Taking the saturation limit 
of Lx/Lhoi ~ 10"^, we find that a single highly active mid- 
M dwarf would produce a single X-ray photon at a distance 
of 730 pc. Thus, about 100 M-dwarfs are needed within the 
HH object to account for the total luminosity. A mid M- 
dwarf has an apparent V-magnitude of about 20 assuming 
that Ay = 2. Thus, even in the unlikely case that only M- 
dwarfs and later objects are present in HH 168, at least some 
should have been detected with the available observations. 
Furthermore, the X-ray emission does not seem to be con- 
centrated in the shallow strip as the peaks in Ha. For the 
enhanced emission close to the knot E, we note that the X- 
ray emission is offset from the bright Ha emission and the 
potential position of the YSOs. 

3. No diffuse hard X-ray emission (E > 1.5 keV), expected to 
be present in low-mass pre-main-sequence stars, is observed. 
The median plasma te mperature of the sourc e s in the Orion 
nebula cloud (COUP: Preibisch et al] 120051: iGetman et all 
|2005) is more than a factor of three higher than the best- 
fit temperature of the diffuse HH 168 emission. Taking the 
median count number of the COUP sources, the expected 
count number of this "normal" stellar source would be about 
10 photons for the absorption and distance of Cep A. The 
highest photon density within the HH 168 area contains six 
photons within the 95 % region of a point source. 

4. The probability of finding a YSO in the HH 168 region 
can be estimated using the stellar surface de nsity of the 
Cep A region derived bv iGutermuth et akl (|2009) from mid- 
infrared imaging. Assuming a uniform distribution of their 
sources, we derive a probability of about 0.2 % of finding one 
source within a 1 arcsec^ region. The stellar surface density 
also matches approximately that of the Trapezium region in 
Orion, which was studied during the COUP project with a 25 
times higher X-ray sensitivity than the observation of Cep A. 
From the surface density of the 1616 COUP X-ray sources, 
we estimate a probability of about 0.5 % of finding one X- 
ray source within 1 arcsec^. Both values correspond to less 
than one expected source within the three individual compo- 
nents, while two (five) sources are expected within the large 



source ellipse. These numbers are too low to account for the 
luminosity of the object. 

We regard a stellar population of only M-dwarfs and later ob- 
jects without any hard X-ray emission, as an unlikely source of 
the observed diff'use X-ray emission. The shape of the emitting 
region (located within the Ha contour) and the apparent soften- 
ing of the outflow from east to west, are not explained. However, 
a limited number of weak discrete sources cannot be excluded. 
We therefore conclude, that the vast majority of the emission is 
indeed diffuse. 



6. Are the X-rays produced in shocks? 

A solution for the heating of the observed hot plasma is shock 
heating. In this section, the properties of the observed X-ray 
emission are related to those expected from shocks. 



6.1. X-ray emission from stiocks 

The observed X-ray emission is produced by plasma with tem- 
peratures of around or above 10^ K. Because shocks are the ul- 
timate origin of this hot plasma (ignoring possible contributions 
by coronal emission of unresolved stars in this region) we re- 
call some relations between properties observable at other wave- 
lengths and X-rays. 

From the strong shock jump condition, the temperature T of 
the plasma is 



T ^ 1.5x lO^K 



100 km s" 



(2) 



where Vhs is the velocity of the pre-shock material in the shock 
rest-frame and the cool ing distance dcopi can be found by the 
interpolation formula of lHeathcote et al.l (Il998h 



.™..2.2xlO-cm-„o'(^^^^f , (3) 

which depends on the pre-shock particle number density no 
and has a ~20% accuracy within the 150-400 kms"' range 
(iRaga etal.ll2002h . Furthermore, the mass flux rates for quasi- 
stationary shock configurations can be calculated from the ther- 
mal energy kT and the EM according to .Giinther et al.. (.2009.) to 
be 



Mshock ~ 2.7 ■ 10- 



i Mq I em j^ 0.33keV '| 



yr VlO^^cm 



1.75 



kr 



(4) 



6.2. Are the spectral properties consistent witii sliocks? 

The range of possible plasma temperatures (see Fig.|5]l reaches 
from 0.1 keV to 0.6 keV. The corresponding shock speeds 
are 280 km s"' and 680 km s"', respectively; speeds in that 
range have been deduced in this region. The proper motion of 
individual knots is ~ 300 km s"' and possibly even higher 
(Raines et al. 2000), the emission line width might be as great 
as 400 km s"' dHartigan et al . 2000) and Rodrig uez et all (120051) 
speculate about inhomogeneities in the outflow moving with 
900 km s ' . A superposition of flows with diff'erent shock speeds 
might also result in the observed spectrum. 

The observed low absorption is compatible with the detec- 
tion of NIR and Ha emission in that region. Differences in the 
absorbing column density have not been investigated with the 
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available observations, although, a uniform absorbing column 
density is unlikely. 

The derived densities (assuming a filling factor / of unity) 
are about a fac tor 1000 lower than t hose estimated from optical 
emission lines dHartigan et alj|2000l) . but the thermal pressure P 
of the hot plasma {P - nkT, k Boltzmann's constant) and that of 
the optically observed material {T ~ 10"* K and n ~ lO'* cm"-*) 
differ by only a factor of ten. To avoid the low pressure of the 
X-ray plasma, a filling factor / of less than a tenth is mandatory. 

Alternatively, the hot ions might represent a co-spatial com- 
ponent of a denser and cooler gas, which is not yet thermalised. 
In collision-dominated plasmas, a few mean free path lengths 
are sufficient to arrive at a Maxwellian energy distribution. The 
mean free path I for collisions with neutrals of number density n 
is 

I = (nnal)-^ ^ 10"'«"'cm"2 , (5) 

where oq is the Bohr radius of the hydrogen atom (lLang|ll999l) . 
For typical densities of n = lO"' cm a hot ion population would 
thermalise within a few AU. Thus, we cannot expect to find two 
distinct populations in a given volume in the abscence of heating 
and we reject this scenario. Therefore, either the X-ray emission 
is produced in only a thin surface layer of gas filled bubbles, pos- 
sibly at the interface between the driving flow and the ambient 
medium, or in smaller in dividual knots such a s the Hg or radio 
featur es wifliin HH 168 dHartigan et al J 120001: iRodrfguez eTal] 
l2005h . 

With an estimate of the density of the X-ray emitting plasma, 
we can derive the cooling time of the material by 

3kT I n 

T=— — ^l.exlO'V'scm^^SxlO^Hr yi"' (6) 

where we assumed for the cooling function A(r) = 8 x 
10"^-' erg cm-^ s"' and the best-fit model value T - 0.55 keV. 
Thus, only for densities of ~ 10^ cm"^ are the cooling time 
and the kinematic lifetime of the outflow of the same order, since 
typical timescales for the age of the outflow are in the range of 
several 1000 years. 

Only for densities above n,, ~ 10^ cm"^ is the cooling time 
sufficiently short for the plasma to remain within around 730 AU 
(an arcsec) of its heating location assuming a proper motion of 
0.1" yr Otherwise, the timescale for the cooling is so long that 
the position of the plasma is not necessarily close to the location 
where the heating occurred. 

If we assume that the HW object and the knots E and F are 
currently heated by ongoing shocks, so that we observe the post- 
shock cooling zone, we can calculate the mass loss according to 
Eq.Hasa: 10-'"MQyr-'. 

The total X-ray luminosity of HH 168 is an order of magni- 
tude larger than the X-ray jet of DG Tau (which is a pre-main- 
sequence star of less than one solar mass) and in-between those 
of HH 2 and HH 80/8 1 . In those cases, the mechanical energy 
of the outflow is by far sufficient to power the X-ray emission, 
which is probably also true for HH 168; although the kinetic en- 
ergy of the outflow is not known, that of the molecular outflow 
alone exceeds the required energy by a few orders of magnitude. 

Thus, we conclude that all spectral properties are consistent 
with shock heating and the properties derived from other wave- 
lengths. 

6.3. Comparison with HH 2 and HH 80/81 

Soft X-ray emissio n within similar HH objects has also b een de- 
tected from HH 2 (iPravdo et al.ll200lh . HH 80/81 (.Pravdo et all 



120041) . and HH 210 dGrosso et all l2006l) . Their temperahires 
(kT ~ 0.1 kV) and association with an HH object are very sim- 
ilar to HH 168. The density ~ 50 cm"^ of the X-ray emit- 
ting material is for HH 2 and HH 80 higher than the values of 
HH 168. In these cases, the brightest X-ray emission compo- 
nents are correlated with bright Ha emission knots exhibiting 
bow-shock-like structures. 

Therefore, the heating most probably occurs in these objects 
because of an interaction of the outflow with another medium. 
This might be the ambient medium or a low-de nsity bubble 
produced by a protostellar object as suspected by iPravdo et al.l 
(1200 4) because of the presence of a hard X-ray source between 
the soft X-ray emission components. For HH 168, the X-ray 
emission is not located at the head of the outflow where bow- 
shock structures are observed (^Harti gan et al.ll2000l) . but a hard 
X-ray source within in the soft diffuse X-ray emission is also 
present. The large-scale diff'use emission found in the case of 
HH 168 is not present in any of the other sources, which are 
extended on the scale of a few arcsec. 

For HH 2 and HH 80/81, the X-ray emission correlates ap- 
proximately with radio emission knots in the sense that a radio 
component is located close to the X-ray emission, while there 
are also radio knots without X-ray emission. Knot E in HH 168 
might be an exception of this rule. 

7. Location of shocks 

Where should we expect the shocks heating the plasma to the 
observed X-ray emitting temperatures to be located? Because 
of the long cooling time of the X-ray emitting material, the ob- 
served X-ray emission might have been heated some time ago. 

7.1. Sliocks at tine itead of tine outflow 

The natural position of strong shocks is the head of the outflow 
since there the velocity difference is largest, but the bulk of the 
X-ray emission is located in the eastern part of the Ha emis- 
sion (see the X-ray contours in Fig.|2]l. If HH 168 is bounded 
by a shock front sufficiently strong to reach X-ray emitting tem- 
peratures, only a small offset is expected, because some time 
is needed to reach the ionisation equilibrium. For a density of 
10^ cm""*, we checked the timescale with a shock code that ex- 
plicitly calculates the ionisation timescale (iGiinther et al .1120071) 
and find, that the shock would produce O vii, whose line emis- 
sion dominates plasmas of the observed temperature, within 
30 AU. The calculation scales inversely with the electron den- 
sity so that even for a lower electron density of a few 10 cm"^, 
the ionisation equilibrium is reached after less than thousand AU 
(less than one arcsec). This value is much smaller than the ob- 
served offset between the X-ray emitting material and the Ha 
contour. 

The brightest Ha knot (knot S, see iHartigan et"an l2000h 
shows the characteristic properties of a bow shock with the am- 
bient medium, but has, at most, only weak excess X-ray emis- 
sion (three photons above the estimated background). A stronger 
absorption at this part of the outflow than at the eastern end of 
HH 168 might reduce the observed flux. Doubling the absorption 
would decrease the count rate by a factor of four rendering the 
detection of soft X-rays virtually impossible, but a lower shock 
velocity or a smaller radius of the obstacle would also result in a 
smaller amount of material being heated to X-ray emitting tem- 
peratures and thus a reduction in the observed flux. 

The shocks might have been more energetic in the past, so 
that in case of a low plasma density («,. < lO^* cm"-') the observed 
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material was heated much earlier in the outflow history and the 
luminosity at the current shock front (in particular knot S) is 
below the detection limit. The shape of the X-ray emission might 
then represent the "shock history" of the outflow. 

7.2. Shocks within the HH -object 

Since most of the X-ray emission is observed within the outflow, 
another explanation for the observed features is presented. 

There has been some speculation about a high velocity com- 
ponent (~ 900 km s ') within HH 168 jRaines et al.f l2000t 
iRodriguez et al.ll2005l) . which is sufficiently fast to produce X- 
ray emission within HH 168 when encountering denser and 
slower material, such as a thin bubble expanding from the hard 
X-ray source betwee n the HW object and knot E similar to the 
scenario proposed bv' Pravdo etai1(l200l for HH 80. The indi- 
vidual X-ray components are not aligned in the east-west direc- 
tion of the large-scale outflow, but a single precessing jet (as pro- 
posed for the eastern HH objects. [Cunningham et al.ii2009 ) with 
an opening angle of only 20 degrees can reach all X-ray and ra- 
dio components (assuming a driving source at Cep A East). A 
deflection of the outflow at high density clumps or different out- 
flows might also explain the morphology. Therefore, the same 
high velocity flow heating the HW-object might also heat the 
material close to knot E and knot F. 

The highest X-ray luminosity is observed close to knot E and 
might be a remnant of strong shocks in that region. The relatively 
low density of the X-ray emitting material and its lower median 
energy compared to the HW object, support a scenario in which 
the heating happened earlier and the currently emitting material 
is not at the position of its heating. 

The strongest radio emission is detected at the HW-object, 
the region closest to the driving source of t he HH 168 out - 
flow, (or har bouring the driving source itself, Garay et al. 1996). 
iGoetz et all ( IT998) and .Cunningham et al. (2009) speculate that 
the outflow might be deflected somewhere around the HW- 
object, or that two outflows (those of HW 2 and HW 3c) col- 
lide at this position. It is possible that the heating of the plasma 
happens somewhere near or within the HW-object and the X-ray 
emission westwards is from cooling plasma. In this scenario, the 
difference between the median energy of the HW-object and the 
knot E photons reflects the cooling of the material, and a den- 
sity of a few 100 cm"^ is necessary to explain the softening of 
the photons by radiative losses. The lack of significant X-ray 
emission at the western end of the HH-object would be naturally 
explained in this scenario. The weak X-ray emission close to 
knot S is then, if real, caused by small shocks of the outflowing 
material with the ambient medium. 

However, the correlation of the optically observed material 
(in particular Ha emission), the radio emission and the bright- 
est X-ray emission points to a similar heating mechanism for 
all of these features. The electron density estimated from the ra- 
dio observations is about a hundred times higher than that esti- 
mated from X-rays but another factor of ten lower than calcu- 
lated for the material radiating in forbidden emission lines. This 
would imply a pressure balance, if less than a tenth of the ob- 
served volume is filled with a hot plasma. Thus, the observed 
X-ray emission probably traces the (former) location of strong 
shocks that in the mean time decelerated explaining the offset 
between Ha and X-ray emission seen in knot E, and on a smaller 
scale within the HW object. The diffuse X-ray emission, which is 
also present between the individual knots, is probably very thin 
plasma heated earlier in the outflow history and cooling slowly. 



7.3. A reverse shock 

Another possible way of explaining the offset between the Ha 
emission and the X-ray emission are reverse shocks. Some time 
ago, two shock fronts originated in the head of the outflow, one 
moving in the primary direction of the flow, and the other travel- 
ing backwards relative to the bulk material. At any given point in 
time, the reverse shock appears similar to internal working sur- 
faces, which are caused by intrinsic inhomogeneities in the jet, 
but its post-shock cooling zone can be found towards the head of 
the outflow. In this case, the X-rays of the HW object or knot E 
are the sign of an extended cooling zone. At some distance to 
the shock, the matter cools to Ha emitting temperatures. This 
scenario is attractive, because it can explain the observed offset 
between X-ray emission and Ha contours, although, we would 
expect at least some optical emission close to the actual shock 
front. 

7.4. An expanding bubble filled with hot plasma 

For a cooling time on the order of the kinematic lifetime of the 
outflow and a launching point somewhere in the region of the 
radio sources in Cep A East, it is possible that the X-ray emit- 
ting material might be heated closer towards the centre where 
the absorption is higher and thus the heating source may remain 
undetected in X-rays by current observations. 

On larger scales (I > I parsec), bubbles filled with a very 
thin («(, < 1 cm ~^) and hot (kT ~ 1 keV) X-r ay emitting gas 
have been found dTownslev et al.ll2003HGiidel e t al. 2008a). The 
minimum electron densities in the case of HH 168 are close to 
these values. However, the proposed B stars in Cep A East have 
a lower mass-loss and slower wind speeds than the O type stars 
usually needed to fill the large bubbles. Furthermore, in all other 
cases the X-ray emitting gas seems to be channeled by surround- 
ing H2, while in this case, the H2 emission shows signatures 
of strong interaction wi th the ambient medium (bow shocks, 
[Cunningham et al.1 l2009l) co-spatial with the X-ray emission. 
However, HH 168 might be a kind of a transition object, where 
a low density plasma, heated either within the outflow or close 
to the driving sources, survives in a bubble blown out by earlier 
outflow episodes. 



8. Summary 

The Chandra observation of HH 168 confirms the presence of 
diffuse soft X-ray emission within HH 168 as seen by XMM- 
Newton. The spectral properties of both observations agree 
well. The higher angular resolution of the Chandra observation 
clearly shows the diffuse character of the emission and discards 
YSOs as the origin of the X-rays. Furthermore, the substructure 
within the X-ray emission shows a good correlation with the op- 
tical and radio "knots". Although this correlation has been seen 
in other HH objects such as HH 2 and HH 80/81, the bulk of the 
X-ray emission in the case of HH 168 is not at the location of 
bow shocks. Instead, the X-rays are displaced towards the driv- 
ing sources against the outflow direction by several thousands 
of AU. We regard this as evidence of internal shocks probably 
powered by a high velocity component within the large-scale 
outflow. The X-ray emitting plasma correlates with Ha emission 
but is displaced from the Ha knots. This points, in combination 
with the low density of the X-ray emitting plasma, to cooling 
plasma heated by the same outflow component leading to the 
currently observed Ha emission. The detection of diffuse emis- 
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sion apparently unrelated to the knots is indicative of a thin hot 
plasma heated by earlier shock events. 

Note added in proof: After acceptance of this paper an ar- 
ticle dealing with t he same X-ray data appeared on astro-ph 
jPravdo et al. However, these authors concentrate on the 

central region of Cep A. Their results concerning the spectral 
properties and the location of the X-ray emission ofHH 168 are 
compatible with ours. 



